Proanthocyanidins in grape berries are synthesised mainly before véraison, and very little attention is paid to the evolution of proanthocyanidins (PAs) in grapes from véraison to harvest. The present study focused on the changes of flavan-3-ols with different degrees of polymerisation in grape skins and the difference in proanthocyandin composition of 'Shiraz', 'Cabernet Sauvignon' and 'Marselan' grapes (J'7ti vinifera L.). The results show that the content of flavan-3-ols, the percentage of prodelphinidins (%P) and mean degree polymerisation (mDP) found in 'Cabernet Sauvignon' berry skins at post-véraison were higher than those in 'Shiraz' and 'Marselan' skins. Only monomeric, dimeric, trimeric and polymeric flavan-3-ols were detected in the three grape cultivars. Polymers with more than tenfold flavan-3-ol units accounted for a relatively high proportion in grape berry skins, and the content in the three cultivars declined continuously during ripening. Principal component analysis showed that proanthocyanidin content, composition and mDP at grape harvest stage depended strongly on grape cultivar. This study provides some useful information for understanding the accumulation of PAs during berry maturation and this information can be used to improve wine quality.
INTRODUCTION
Proanthocyanidins (PAs), a group of flavan-3-ol polymers, are synthesised via the flavonoid pathway in many plants, such as grape (Flamini, 2003; Peyrot des Gachons & Kennedy, 2003) , cacao (Nelson & Sharpless, 2003) , apple and hops (Hammerstone et al., 1999) . In grapes, PAs are present in the berry skin, seed, stem and pulp tissues, and constitute a complex mixture of monomers, oligomers and even polymers. PAs generally consist of (+)-catechin (C), (-)-epicatechin (EC), (-)-epigallocatechin (EGC) and (-)-epicatechin-3-0-gallate (ECG) linked by C(4)-C(6) or C(4)-C(8) inter-flavanoid bonds. During winemaking, PAs are extracted primarily from the skin and seed into wine and contribute greatly to astringent and bitter properties and the colour stability of the wine (Robichaud & Noble, 1990; Soares et aL, 2013) . The composition or degree of polymerisation of PAs has been reported to perform different functions on the sensory properties of bitterness and astringency. For example, astringency becomes more intense with mean degree polymerisation (mDP) increasing, EC provides a more astringent taste than C, and an increasing degree of galloylation will contribute to a more coarse perception (Peleg et al., 1999; Maury et aL, 2001; Vidal et al., 2003) , but the increase in the percentage of B-ring trihydroxylation seems to decrease astringency (Vidal et aL, 2003) . Therefore, the distribution in polymerisation degrees of PAs in mature grape berries will determine the sensory quality of wine products to a large extent.
Some analytical methods have been developed for the quantification of PAs, of which the most common is to use acid n-butanol (Porter et al., 1985) and vanillin (Price et al., 1978) to quickly determine the content of PAs in plants. With the development of chromatographic and mass spectrogram technologies, researchers analyse PAs mostly through acidcatalysed cleavage in the presence of excess phloroglucinol or benzyl mercaptan (Gupta & Haslam, 1978; Matthews et al., 1997) , and it is measured using reverse-phase high performance liquid chromagraphy (HPLC) equipped with mass spectrogram (MS), such as ion trap MS and TOF-MS. This method can acquire the composition and total contents of flavan-3-ols in grapes and wines and provide information on mDP, rather than the contents of individual oligomeric or polymeric flavan-3-ols. In addition, a normal-phase HPLC technique has also been developed to separate and measure flavan-3-ols with different polymerisation degrees (DP) (Gu et al., 2003; Vidal et al., 2004; Hellström & Mattila, 2008; . It is thought that this normal-phase HPLC method shows more precise quantification of oligomers (2 ( DP < 10) in comparison with other methods.
Although grape seeds contain abundant PAs, the compounds from grape beny skins are considered to be extracted more easily from plant tissues and into wines in the process of winemaking (Amrani & Mercierz, 1994) . Moreover, the relative lack of ECG together with the presence of EGC has been speculated to confer a softening mouthfeel to wines (Vidal et al., 2004) , which means that PAs from beny skins play an important role in improving the quality of red wines. The biosynthesis of PAs occurs mainly in the early stages of beny development and ends around véraison. The content of PAs decreases from véraison to ripening, possibly because they bind to proteins on the internal surface of the tonoplast and to polysaccharides on the cell wall (De Gaulejac et al., 1997) . Cell wall extension during beny ripening increases the PA-binding capacity on cell walls, and the structure and degree of polymerisation of PAs also influence their affinity for binding materials (Hanlin et al., 2010; Bindon & Kennedy, 2011) . Therefore, characterising the composition and content of PAs in grape skins after véraison will make it possible to better foresee their sensory contribution to wine.
The French term "terroir" indicates an interactive ecosystem, in a given place, including climate, soil and the vine (Cohen et al., 2012) . The effect of "terroir" on the composition and content of flavan-3-ols or proanthocynadins has been studied, and the results have indicated that climatic factors, soil type and water status all could affect, to different extents, the biosynthesis and accumulation of flavan-3-ols (Bucchetti et al., 2011; geruga et al., 2011; Cohen et al., 2012; Koyama et al., 2012) . The climate in the wine-growing regions of eastern China is characterised by relatively high temperatures and humidity in summer, which is different in many respects from the climate of other countries in the world. In this climate it still is necessary to determine what characters grape skin PAs possess. In the present study, the profiling of flavan-3-ols with different DP was followed during berry maturation and compared between three grape cultivars ('Shiraz', 'Cabernet Sauvignon' and 'Marselan'), with the objective of discovering the variation in flavan-3-ol profiling in mature grape berries and their potential impact on wine quality.
MATERIALS AND METHODS

Grape berry samples
In 2008, grape berries were collected from the end ofvéraison to commercial harvest from a commercial vineyard in Huailai County (40°N, 11 5°E), Hebei Province, China. The 'Cabernet Sauvignon', 'Shiraz' and 'Marselan' berries began colouring on August the 3', 5 11 and 711 respectively, with colouration completed about one week later. We sampled according to the method described by He et al. (2010) to represent a vineyard population. Three 1 00-berry samples were selected from at least seven clusters at a similar position on 30 whole vine selections. In the present study, the berry seeds were separated from the rest of the grape berries and were immediately frozen in liquid nitrogen, then ground to a fine powder, freeze-dried, and stored at -50°C until analysed.
Reagents and chemicals
The standards of (+)-catechin, (-)-epicatechin, (-)-epigallocatechin, (-)-epicatechin-3-0-gallate and procyanidin Bi were all purchased from Sigma Chemical Co. (St. Louis, MO, USA). HPLC-grade methanol, methylene chloride, acetonitrile and acetic acid were obtained from Fisher Company (Fairlawn, NJ, USA); ascorbic acid and all the other chemicals were purchased from Sigma-Aldrich Co.; and deionised water (< 18MO resistibility) from a Milli-Q Element water purification system (Millipore, Bedford, MA, USA).
Extraction and purification of grape berry skin flavan-3-ols The extraction and purification procedures were performed as described by Liu et al. (2010) , with some modification. Briefly, the sample powder (0.5 g) was extracted with mixed solvent (10 mL, acetone/water, 70:30 v/v) containing ascorbic acid (1 g/L) by shaking, followed by sonication for 15 min. The tube was then incubated at 35°C for 30 mm, and centrifuged at 10 000 x g for 15 mm. The precipitate was extracted four times, as discussed previously, and the supematants were combined. Acetone was removed by a rotary evaporation at 30°C and then lyophilised to a dry powder. The crude proanthocyanidin was dissolved in 3 mL of 30% (v/v) aqueous methanol and then purified using a Sephadex LH-20 colunm (6 x 1.5 cm).
Analysis of flavan-3-ols by normal-phase HPLC-MS
The extracts obtained above were filtered through 0.22 pm filters. According to , the content of flavan-3-ols with a different polymerisation degree was determined by normal-phase HPLC using an Agilent 1200 series LC/MSD Trap VL mass spectrometer (Agilent Technologies, Palo Alto, CA, USA) equipped with an electrospray ionisation (ESI) interface, using an Agilent Zorbax RX-SIL (5 pm, 2.1 x 150 mm) colunm protected with a Zorbax RX-SIL (5 pm, 4.6 x 12.5 mm) guard colunm. Three mobile phases were used, as follows: A, methylene chloride, B, methanol, and C, acetic acid and water (1:1 v/v). The injection volume was 2 pL and the colunm temperature was set at 30°C. Elution was carried out at a constant flow rate of 0.2 mL/min: 0 to 20 min, 14.0 to 25.0% B linear; 20 to 40 mm, 25.0 to 33.2% B linear; 40 to 45 min, 33.2 to 86.0% B linear; 45 to 55 mm, 86.0% B isocratic; 55 to 60 mm, 86.0 to 14.0% B linear; followed by 10 min of re-equilibration of the colunm before the next run. A constant 4.0% C was kept throughout the gradient.
Analysis of flavan-3-ols by reverse-phase HPLC-MS
The method of acid-catalysed cleavage of the proanthocyanidins in the presence of excess phloroglucinol and the analysis method of flavan-3-ols were as carried out by Kennedy and Jones (2001) . Reverse-phase HPLC was run on an Agilent 1200 Series HPLC-DAD-ESI-MS/MS, and MS analysis was performed in the negative ionisation mode. The flavan-3-ol components were subjected to a reverse-phase chromato-graphic separation at 25°C using a Zorbax SB-C 18 colunm (250x4.6 mm, 5 pm). A binary gradient elution was carried out at a constant flow of 1 mL/min. The mobile phases consisted of the following: A, 0.2% v/v aqueous acetic acid; and B, acetonitrile: mobile phase A (4:1). The elution conditions were modffied for the solvent B gradient as follows: 0 mm, 10%; 20 mm, 10%; 30 mm, 15%; 40 mm, 20%; 50 mm, 33%; 55 mm, 40%; 58 mm, 100%; 63 mm, 100%; 64 mm, 10%. Injection volumes were 25 jiL and the DAD detection wavelength was 280 nm. The column was then re-equilibrated with 10% B for 5 min before the next injection.
Statistical analysis Means and standard deviations were obtained from at least three repetitions. One-way ANOVA and Tukey's range test were used to evaluate the differences between grape cultivars, and principal component analysis was used to achieve a better description and discrimination of the composition of proanthocyanidins among the grape cultivars. Statistical analysis was performed by SPSS (SPSS Inc., Chicago, IL) for Windows, version 20.0.
RESULTS AND DISCUSSION
Comparison of flavan-3-ol units among three grape cultivars based on reverse-phase HPLC analysis The content and composition of polymeric flavan-3-ols was determined in the berry skins of 'Shiraz', 'Cabernet Sauvignon' and 'Marselan' from véraison to commercial harvest by reverse-phase HPLC-MS after acid-catalysed cleavage in the presence of excess phloroglucinol. The total content of flavan-3-ol units (Fig. la) and their mDP (Fig. ib) in the three cultivars all decreased gradually along with berry maturity, which is consistent with what has been reported previously (Downey et al., 2003; Gagné et aL, 2006) . Amongst the three cultivars, 'Cabernet Sauvignon' grape skins contained the highest level of flavan-3-ol units and mDP (60 to 23). At the beginning of véraison, the content of flavan-3-ols was relatively high in 'Shiraz' skins, but rapidly declined with berry maturity and reached a similar level to that of'Marselan'. The mDP of flavan-3-ols in 'Shiraz' skins ranged from 13 to 27, which was in between the values of the other two cultivars studied. An increase in mDP from 21 to 36.6 has been observed in 'Cabernet Sauvignon' skins by Bordiga et al. (2011) , and in 'Shiraz' skins the increase ranged from 25 to 40, as observed by Downey et al. (2003) . The present analyses showed that there were lower levels of mDP when compared with the previous research mentioned described above, suggesting that this phenomenon might be related to differences in planting environment (such as ecological climate and vineyard microclimate), as flavan-3-ol biosynthesis is affected by different terroirs, cultural practices and vintages (Gagne et al., 2006; Fujita et al., 2007; Cohen et al., 2012; Koyama et al., 2012) .
To understand differences in proanthocyandin characteristics among grape cultivars, we also computed the percentages of galloylation derivatives (%G) and prodelphinidin (EGC) units (%P) (Fig. ic and d, respectively) . 'Vidal et al. (2004) showed that an increase in astringency 0.04 WPV: weeks post-véraison; C: (+)-catechin; EC: (-)-epicatechin; ECG: (-)-epicatechin-3-0-gallate; EGC: (-)-epigallocatechin; nd: not detected. Each value represents the mean of three replicates and their standard derivation. The limit of detection of flavan-3-ols in this method is 0.075 mgfL, 0.075 mgfL, 0.053 mgfL and 0.122 mgfL for C, EC, ECG and EGC, respectively. correlated positively with the %G, which also would produce a potential impact on the intensity of coarseness. Moreover, a higher proportion ofEGC smoothed the astringent perception of the wine (Vidal et al., 2004) . The present study revealed that prodelphinidin (EGC) units in these three cultivars accounted for close on or more than 50%, which was much higher than the percentages of galloylation derivatives. In particular, the proportion of EGC units to total flavan-3-ols in 'Cabernet Sauvignon' reached 61% to 80%, and the percentage of galloylation units was only approximately 1%, which meant that proanthocyanidins in 'Cabernet Sauvignon' skins might provide more soft astringency to wine than that in 'Shiraz' and 'Marselan' skins. Table 1 showed the evolution of the extractable PAs fraction isolated by phloroglucinolysis from the berry skins of three grape cultivars during mature. Epigallocatechin-phloroglucinol (EGC-P), (-)-epicatechinphloroglucinol (EC-P), (+)-catechin-phloroglucinol (C-P) and epicatechin-3-O-gallate-phloroglucinol (ECG-P) were identified as extension proanthocyanidin subunits, whereas (+)-catechin (C), (-)-epicatechin (EC) and (-)-epicatechin-3-0-gallate (ECG) were identffied as terminal subunits in the berry skins. The differences in composition and content of terminal and extension subunits amongst grape cultivars reflected the variation in biosynthetic metabolism of flavan-3-ols to some extent.
Terminal subunit composition
In 'Cabernet Sauvignon' berry skins, catechin was only one component examined as terminal subunit from véraison to harvest, while in the 'Shiraz' berry skin, epicatechin, catechin and a low percentage of epicatechin-gallate were observed as terminal subunits at véraison, but epicatechin and epicatechin-gallate disappeared one after the other at post-véraison (Table 1) . Some literature has reported that the terminal subunit in the berry skins of 'Shiraz' and 'Cabernet Sauvignon' mainly comprises catechin (Downey et al., 2003; Busse-Valverde et al., 2010; Hanlin et al., 2010) . Few studies have examined the PAs of 'Marselan' grapes. Here we found that epicatechin took up a large proportion (67% to 1000/6), while catechin (11% to 19%) and epicatechin-3-0-gallate (3% to 10%) could be examined only during the first four weeks post-véraison (Table 1 ). The contents of terminal subunits in 'Cabernet Sauvignon' berry skins were almost unchanged throughout beny ripening. In contrast, the contents of terminal subunits in 'Shiraz' berry skin were higher than in 'Cabernet Sauvignon' at véraison, then declined considerably from véraison to harvest. The terminal subunit in 'Marselan' berry skins was the highest detected in the three cultivars (Fig. 2a) .
Extension subunit composition
The contents of extension subunits in the three grape berry skins declined gradually during ripening (Fig. 2b) . For 
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-OOOO 'Shiraz', 'Cabernet Sauvignon' and 'Marselan' berry skins, epigallocatechin had the highest proportion of extension subunit, and its ratio to total content of extension subunits along with beny maturity fluctuated, ranging between 52.45% and 70.67% in 'Shiraz', between 62.57% and 81.79% in 'Cabernet Sauvignon', and between 52.36% and 74.76% in 'Marselan'. In addition, epicatechin was another major extension subunit for the three cultivars. The proportion of epicatechin first decreased and then increased slightly. The overall trend from véraison to harvest changed downwards. The catechin and epicatechin-3-0-gallate extension subunits accounted for less than 5%, and were undetectable after one week of post-véraison in 'Cabernet Sauvignon' and five weeks of post-véraison in 'Marselan'. These results were consistent with earlier reports, in which epigallocatechin and epicatechin were considered to be the most abundant extension subunits, and catechin and epicatechin-3-0-gallate were present in much lower proportions in 'Shiraz' and 'Cabernet Sauvignon' berry skins (Hanlin et al., 2010) . The above results indicate that the composition of PAs from the skins of these three cultivars are different in proportion. It therefore is entirely possible that they would provide wines with different mouthfeel characters.
Comparison of flavan-3-ols with different polymerisation degrees in three grape cultivars based on normal-phase HPLC analysis
Using norinal-phase HPLC, the separation of PAs was based on their degree of polymerisation (DP). Flavan-3-ols consist of monomers (DP = 1), oligomers (2 < DP < 10) and polymers (DP> 10) with different degrees of polymerisation (DP) (Gu et al., 2003) . In the three grape cultivars, monomers decreased as the berries ripened, while the dimers and trimers fluctuated throughout maturity. The mass spectra signals of other oligomers (4 ( DP ( 10) could be tested, but no chromatogram infonnation corresponding to these oligomers was found in HPLC, and the mass spectra signals weakened with maturity (data not shown). Polymers (DP> 10) were the main form of flavan-3-ols in the grape berry skins. As shown in Table 2 , the levels of monomers in the three cultivars were relatively low at véraison and decreased slightly to trace level before harvest. Meanwhile, dimers and trimers in 'Shiraz' and 'Marselan' increased in the first two weeks post-véraison, and then maintained a high level, with some fluctuations in the period following maturity. 'Cabernet Sauvignon' berry skins showed a notable increase in the content of oligomeric flavan-3-ols from véraison to the fourth week post-véraison, followed by a decline at harvest. The contents of polymeric flavan-3-ols (DP> 10) in the three cultivars declined continuously during ripening. Regarding the content of various flavan-3-ols at commercial harvest, we found that the skins of 'Shiraz' contained more oligomers than the other two grape cultivars, and the content of polymers in the skins of 'Cabernet Sauvignon' was higher than that in 'Shiraz' and 'Marselan'. 'Marselan' had the lowest level of oligomers and polymers.
To better understand the evolution of the polymerisation of flavan-3-ols during berry maturation, we evaluated the relative proportion offlavan-3-ols of different polymerisation to all the detected flavan-3-ols. At post-véraison, the proportions of monomers in 'Shira.z' and 'Cabernet Sauvignon' were virtually constant, but declined sharply in 'Marselan' (Fig. 3a) . In 'Shiraz' and 'Marselan', a similar tendency of change was observed in the oligomers and polymers. For these two cultivars, the proportion of dimers (Fig. 3b) and trimers ( Fig. 3c) increased gradually, and the proportion of polymers (Fig. 3d) decreased from véraison to harvest by 34% and 20%, respectively.
Principal component analysis (PCA)
To obtain an intuitive understanding of the varietal difference in PA composition, we conducted PCA using a number of variables, including the content of EGC, C, EC units, dimers, polymers and mDP, %P and %G at harvest, which were signfficantly different among the cultivars according to ANOVA (p <0.05). As shown in Fig. 4a , the first and second principal components together explained 100% (PCi 64.28% and PC2 3 5.72%) of the total variance. PCi was negatively correlated with the levels of C, dimers and %G, whereas PC2 was negatively related to EC. A projection of the cases of the first two components showed that the three cultivars could be differentiated readily (Fig. 4b) . 'Cabernet Sauvignon' was found on the first factorial plane, which had a strong positive correlation with EGC, mDP, %P and polymers. 'Shiraz' was located on the second factorial plane, which showed a strongly positive correlation with C, dimers and %G, while 'Marselan' did not correspond well to the variables we chose here. The results further showed a great difference in PA composition among the three cultivars at harvest. 'Cabernet Sauvignon' skin was richer in EGC subunits and polymers, and the values of %P and mDP were higher when compared to the other two cultivars, while 'Shiraz' contained more C subunits and dimers, and the proportion of galloylation derivatives was higher than in the 'Cabernet Sauvignon' and 'Marselan' skins.
CONCLUSIONS By integrating the data above, we found that the pattern of change in the proanthocyanidins in the studied cultivars was similar, but there also were some differences in PA contents and composition. As all the samples were collected from similar vineyards with similar soil types and cultural practices, these differences observed between the three cultivars should be due mainly to the intrinsic characteristics of the selected cultivars. Among them, 'Cabernet Sauvignon' skin was characterised by the highest levels of flavan-3-ol units, polymers, percentage of prodelphinidins (%P) and mDP; 'Shiraz' skin presented the highest levels of catechins, dimers and percentage of galloylation (%G), and the lowest level of flavan-3-ols; while 'Marselan' skins exhibited the lowest mDP and the highest proportions of monomers and oligomers (dimers and trimers) to total flavan-3-ols. Several studies have indicated that perceived astringency and bitterness are signfficantly correlated with flavan-3-ol levels and composition. As a result, we speculated that 'Cabernet Sauvignon' could provide more of a soft, astringent perception to wine than 'Shiraz', and that the latter could provide more astringency and bitterness to wine when compared to 'Marselan'.
